We examine the fluorescence anisotropy of rod-shaped guests held inside the channels of tris(o-phenylenedioxy)cyclotriphosphazene (TPP) host nanocrystals, characterized by powder X-ray diffraction and solid state NMR spectroscopy. We address two issues: (i) are light polarization measurements on an aqueous colloidal solution of TPP nanocrystals meaningful, or is depolarization by scattering excessive? (ii) Can measurements of the rotational mobility of the included guests be performed at low enough loading levels to suppress depolarization by intercrystallite energy transfer? We find that meaningful measurements are possible and demonstrate that the long axis of molecular rods included in TPP channels performs negligible vibrational motion.
■ INTRODUCTION
Over the years, molecular-size rotors have elicited considerable attention, for a variety of reasons. 1−9 Our ultimate interest is in their potential use for the miniaturization of analog electronics. For this purpose, it would be useful to have access to ultrathin layers of ferroelectric materials with controlled properties, especially a low velocity of polarization propagation. In presently used bulk materials (e.g., barium titanate), this velocity is high, on the order of several thousand meters per second, dictating quite large minimal dimensions of components such as filters. It appears that a suitably chosen array of dipolar molecular rotors might have a ferroelectric ground state 10 and that its properties, including the polarization propagation rate, could be controlled by synthesis. Our preliminary estimates suggest that the velocity, and thus electronic component size, could be reduced by two or three orders of magnitude.
While individual surface-mounted dipolar molecular rotors, 11−13 their random assemblies, 14 and crystals containing dipolar rotors in a periodic lattice of a metallo-organic framework 15, 16 have already received much attention, regular two-dimensional (2D) arrays of artificial dipolar rotors have not been prepared. One way of approaching this goal is through surface inclusion compounds, 17 in which the shafts of molecular rotors are inserted into channels in a host crystal and do not penetrate deeper because they are attached to a stopper that is wider than the channel. The part of the molecular rotor that remains outside the crystal carries a dipolar rotator. If the barriers to the rotation of the rotator were small enough, the geometry of the 2D rotor lattice favorable, and the inter-rotator interactions strong enough to make the Curie temperature higher than the Debye temperature, a ferroelectric surface would result.
Small domains of a surface approaching this ideal have already been prepared. 17 The channel-containing host was tris(o-phenylenedioxy)cyclotriphosphazene (TPP), whose hexagonal phase crystallizes in layers penetrated in the perpendicular direction by a triangularly arranged set of channels capable of accepting guest molecules ( Figure 1) . The guest was a molecular rotor composed of a long alkyl chain as the shaft, p-carborane as the stopper, and 2,3-dichlorophenyl as the dipolar rotator. In order to secure sufficient signal intensity for solid-state NMR measurements, nanocrystalline TPP with a large surface area was used. The barrier to rotation turned out to be excessive (5−9 kcal/mol) and the Debye temperature too high for collective behavior to emerge, and no ferroelectricity was observed. The high barrier was attributed to a significant deviation of the rotator-carrying axle from the surface normal, which introduced mechanical contact between the rotator and the TPP crystal surface and possibly also mechanical interference between neighboring rotators. The situation was not remedied when the axle direction was lined up with the surface normal by a different shaft design, since the stopper action of the p-carborane unit then became inadequate and the whole molecular rotor entered inside the channel to form a bulk inclusion compound. 18 An examination of the requirements for proper stopper action in TPP channels is continuing. 19−21 It thus appears that in addition to making sure that the included molecular rotors remain on the surface, it is also important to prevent any significant deviation of the rotor axle from the direction of the channel axis. While the extent of rotor insertion can be readily judged from the chemical shifts of its various atoms observed in solid-state NMR spectroscopy, and while NMR spectra can also provide useful information on rotational dynamics of a guest inside the TPP channel, 22, 23 we considered it desirable to complement NMR spectroscopy with measurement of time-resolved fluorescence anisotropy, a method that in principle should permit the motion of the rotator to be followed in real time.
There are two likely problems that may cause depolarization and render this type of measurement useless: (i) light scattering by the nanocrystalline TPP sample and (ii) chromophore-tochromophore energy transfer. Before going to the trouble of synthesizing a rotor molecule suitable for an examination of the rotational motion of the attached dipolar rotator itself, we decided to determine whether meaningful measurements are possible, and we report the results presently. To avoid difficulties with light scattering, we disperse the TPP nanoparticles as a colloidal solution in water. Transient absorption anisotropy and photoluminescence anisotropy of colloidal dispersions of very small nanoparticles have been successfully measured before 24, 25 and colloidal solutions of nanocrystals have been used for transient absorption spectroscopy, 26 but we were concerned that our TPP particles could not only be larger but also agglomerated into even larger objects, depolarizing light by scattering. We now demonstrate that this is not the case and that meaningful polarization measurements on TPP dispersions are possible. To minimize problems due to nanocrystal-to-nanocrystal energy transfer within a conglomerate, we use low guest loading.
The chromophores in the molecular rods 1−5 (Chart 1) used in the study are of the oligophenyl/diphenylacetylene type, and their lowest-energy absorption and fluorescence transition moments lie along the long molecular axis. They are similar to some of the rotor shafts that were used in our prior work with included molecular rotors. 18, 20 The saturated groups attached at rod ends serve two purposes: they facilitate synthetic manipulations by increasing solubility and they enhance the minimum distance between neighboring chromophores included in the same channel, thus reducing the rate of energy transfer. For comparison, we attempted to include the parent p-quaterphenyl (5), which does not carry such insulating substituents, but both solid-state NMR and X-ray diffraction measurement showed conclusively that it does not form an inclusion compound with TPP under the conditions in which 1−4 do.
We use the notation X%Y@TPP to refer to an inclusion compound containing X mol % of guest Y in the TPP host.
■ RESULTS Molecular Rod Synthesis. The rods 1−3 were formed by Sonogashira cross-coupling of the bicyclo[1.1.1]pentane derivative 6 with the alkynes 7−9 (Scheme 1) in almost quantitative yields, but their low solubility reduced the isolated yields to 50−80%. Access to 6 requires six known steps from commercial precursors.
27−29 Scheme 2 shows the three-step synthesis of the required alkynes 8 and 9 from 4′-bromo-4-hydroxybiphenyl (10), which is commercially available, as are 5 and 7.
The poorly soluble quaterphenyl derivative 4 was synthesized by Suzuki coupling of 1-hexyl-4-iodobenzene 30 with the commercial pinacolate diester of p,p′-biphenylbisboronic acid (Scheme 3).
Inclusion Compound Preparation and Structural Characterization. Benzene-free hexagonal form of solid Table 1 Scheme 1. Synthesis of 1−3
The Journal of Physical Chemistry C Article TPP-d 12 17 was milled with a known amount of solid molecular rods 1−5 and annealed at 70°C. Although the detailed structure of the resulting inclusion compound is not of primary interest for the purposes of this study, it was considered essential to ascertain beyond doubt that the chromophores to be studied actually were inserted inside the TPP channels and not present as a separate solid phase. The data presented next demonstrate that this was indeed the case for 1−4 but not for 5.
Sample Morphology. One of the resulting samples, 22%1@ TPP, was examined by transmission electron microscopy (TEM), which showed it to consist of conglomerates of flat circular discs with a ∼40 nm diameter and ∼15 nm thickness ( Figure 2) . Sample Structure. Two structural tools were applied to all of the samples to determine whether they were inclusion compounds of TPP: copper K α1 wavelength powder X-ray diffraction (XRD) and solid-state NMR (ssNMR) spectroscopy. They agreed that 1−4 formed inclusion compounds while 5 did not.
In XRD, the samples formed from 1−4 show a sequence of diffraction peaks that are well explained by a hexagonal structure. As an example, Figure 3 shows the powder diffraction pattern measured for 20%2@TPP-d 12 , the sample with the largest in-plane hexagonal lattice parameter (the scattering wave vector q is related to the scattering angle θ and X-ray wavelength λ by q = 4π sin θ /λ). For 22%1@TPP-d 12 , 20%2@  TPP-d 12 , 20%3@TPP-d 12 , and 20%4@TPP, the results are consistent with a single hexagonal structural phase, provide no evidence for the presence of monoclinic TPP, and contain no extraneous peaks. The in-plane lattice parameter is 1.170 ± 0.001, 1.175 ± 0.001, 1.168 ± 0.001, and 1.164 ± 0.001 nm, respectively, the hexagonal layer spacing (thickness of two layers, mutually rotated by 60°) is 0.996 ± 0.001, 0.999 ± 0.001, 0.997 ± 0.001, and 0.996 ± 0.001 nm, respectively, and the average powder particle size estimated from peak widths is 22, 50, 70, and over 100 nm, respectively. The in-plane lattice parameter and layer spacing show roughly 2.5% expansion and 1.7% contraction compared to the 1.1454 ± 0.0005 and 1.0160 ± 0.0005 nm values reported 31 for empty hexagonal TPP. These results demonstrate that 1−4 all form hexagonal inclusion compounds in TPP.
In contrast, XRD results show clearly that samples produced from 5 were mixtures of monoclinic and slightly expanded hexagonal TPP with a few impurity peaks that may arise from crystalline 5 and that no inclusion compound with TPP was formed under the conditions used in our experiments.
The ssCP MAS 13 C NMR results are summarized in Table 1 (cf. Chart 1). They confirm the conclusions drawn from the XRD data and provide additional detail. The 13 C spectra of the inclusion compounds are dominated by the three peaks in the aromatic region characteristic of the carbon atoms of hexagonal TPP, 18 demonstrating the presence of proton-carrying guest molecules in the channels. In pure perdeuteriated TPP-d 12 , there are no protons, and magnetization transfer from protons to carbons is not available. Such a sample shows no 13 C signals, or only extremely weak (since the deuteriation is not 100% complete). The 31 P CP MAS and 31 P SPE (single pulse excitation) NMR spectra of these samples, obtained for 1−4, show only the peaks characteristic of hexagonal TPP, The Journal of Physical Chemistry C Article confirming the absence of monoclinic TPP. In addition, there is a broad peak in the 31 P NMR spectrum of 1, due to decomposed TPP.
In the 13 C NMR spectra of the inclusion compounds, the signals of the numerous aromatic carbon atoms contained in the rod guest molecules cannot be separated and assigned individually, in part because they also overlap with the central peak of TPP, and the signals of the acetylenic carbons are not well resolved. Useful information can be obtained from the signals of the carbons of the bicyclo[1.1.1]pentane cage, of the TMS end group, and of the tert-butyl or n-hexyl end groups.
The spectrum of neat 1 ( Figure 4B ) contains a single resonance at 58.4 ppm for the three equivalent bicyclo[1.1.1]-pentane bridge carbons, another at 30.0 ppm for the two bridgehead carbons, and a third one at 0.0 ppm for the three equivalent TMS methyl carbons. The peaks are at nearly the same position as in the solution spectrum ( Figure 4C ), except that the peaks of the two inequivalent bridgehead carbons are resolved in the latter (29.6 and 30.8 ppm).
In the 13 C NMR CP MAS spectrum of the inclusion compound 22%1@TPP-d 12 ( Figure 4C ), both resonances characteristic of the bicyclo[1.1.1]pentane cage are split and appear as doublets consisting of a strong peak located at the position of the solution peak and a weak peak shifted upfield. The relative intensities are 83% (59.0 and 30.8 ppm) and 17% (56.1 and 27.8 ppm). The broad signal of the three equivalent carbon atoms in the trimethylsilyl group is shifted to 0.8 ppm. The deuteriated TPP was contaminated by a small amount of triethylamine hydrochloride (two peaks in Figure 4C marked TEA), which was formed as a side product during the synthesis and had been incompletely removed.
The solid state 13 C CP MAS NMR spectrum of 20%2@TPP-d 12 shows a pattern for the rod peaks similar to the solution 13 C NMR spectrum, but each peak is shifted upfield or downfield ( Figure S1 of the Supporting Information). The signals of the carbons of the terminal t-butyl group appear at 28.9 and 78.8 ppm in solution. In TPP, its methyl resonance is upfield shifted to 28.4, and its quaternary carbon is hidden under the signals of triple bonds. The bicyclo[1.1.1]pentane moiety present in the shaft of 2 has three characteristic signals in the solution 13 C NMR spectrum, at 30.6, 30.8, and 59.0 ppm. In the solid state 13 C CP MAS NMR spectrum one well defined peak appears at 31.93 ppm, while the second one seems to be present at 30.56 ppm as a shoulder on the 28.4 ppm peak that is due to methyl carbons of the t-butyl group. The third characteristic peak of the bicyclo[1.1.1]pentane moiety is doubled and appears at 57.2 and 60.4 ppm. The carbon atoms of the trimethylsilyl unit yield a resonance at 1.8 ppm in the solid state, shifted downfield from 0.0 ppm in solution NMR.
In the solid state A partial assignment of several carbons was possible for 4 ( Figure 5 ). The solution 13 C APT NMR spectrum consists of six well resolved carbon signals in the aliphatic region and eight signals belonging to aromatic rings. Four aromatic quaternary carbons in 4 give rise to two peaks in the 13 C ssNMR spectrum of the neat material, while the remaining four aromatic CH carbons give rise to one signal. The aliphatic carbons are well resolved both in the solution 13 C NMR and 13 C CP MAS ssNMR spectra. The 13 C NMR CP MAS spectrum of the inclusion compound 12%4@TPP-d 12 ( Figure 5C ) displays four broad singlets (one is partially overlapped with one of the three signals of TPP) in the aromatic and five singlets in the aliphatic region. All carbon signals of 4 are upfield shifted (Table 1) , implying successful formation of a host−guest inclusion.
The solution 13 C NMR spectrum of 5 consists of eight resolved peaks, which correspond to three broad signals with chemical shifts of 127.3, 130.7, and 138.4 ppm in the ssNMR of the neat sample. In the solid state 13 C CP MAS NMR spectrum, the peaks at 127.3 and 130.7 ppm are partially overlapped with one of the three signals of TPP. The peak at 138.1 ppm is nearly at the same position as in the neat sample (138.4 ppm). The 31 P CP MAS NMR spectrum did not contain any signals, demonstrating the absence of magnetization transfer from 5 to TPP. The 31 P SPE NMR spectrum revealed the presence of both hexagonal and monoclinic forms of TPP ( Figure 6 ).
Optical Spectroscopy of Inclusion Compounds. The photophysics of inclusion compounds of the molecular rods 1− 4 with TPP was examined in aqueous colloidal suspensions. No depolarization of light transmitted through these suspensions was detected, and light extinction by crossed polarizers in the whole transparent UV−vis region was identical with and without the colloidal suspensions located between them ( Figure S3 in Supporting Information). Emission and excitation spectra, steady state and time-resolved excitation and fluorescence anisotropy, and fluorescence decay were collected as a function of guest loading from 0.02 to 20 mol %. Table 2 summarizes the absorption and emission properties of the isolated molecules 1−5 in fluid (298 K) and glassy (77 K) 2-methyltetrahydrofuran (2-MeTHF) solutions. They were essentially identical whether the sample was degassed or not. Results for 5 were reported before, 32−35 and our values agree. The solution and suspension absorption and fluorescence excitation spectra of 1−4 are shown in Figure 7 and the fluorescence spectra in Figure 8 . All five compounds have a strong and broad absorption band in the near UV and emit intense (Φ F = 0.8−0.95) short-lived (τ F = 0.6−0.8 ns) fluorescence at the edge of the visible region, well removed from the absorption region of the TPP host (ν̃> 34500 cm Spectral characteristics of aqueous suspensions of powdered neat solid compounds 1−4 and of the milled and annealed powdered TPP inclusion compounds 1@TPP−4@TPP are summarized in Table 3 (cf. Figures 7 and 8 ). In fluorescence measurements, care was taken to use excitation wavelengths that did not excite hexagonal TPP itself (absorption onset at ∼34500 and maximum at 36900 cm −1 ). The emission of neat TPP is shown in Figure S2 of the Supporting Information. It The Journal of Physical Chemistry C Article has a maximum at 32800 cm −1 and did not contribute at the guest emission wavelengths.
The excitation spectra of included 1−4 are narrower than those of pure compounds in solution because of the inner filter effect of TPP. The absorption and emission spectra of the TPP inclusion compounds are independent of the degree of loading. The emission covers the same spectral region in suspension and room temperature solution spectra, but the former are more structured. The suspension emission spectra of the neat compounds are red-shifted. The fluorescence lifetimes of the included molecules are slightly shorter than their solution lifetimes. The quantum yields Φ F of the inclusion compounds are similar to those of isolated molecules in solution.
Fluorescence Anisotropy. Steady state fluorescence excitation anisotropy spectra of the isolated molecules in solution and of the inclusion and neat compounds in aqueous suspension are shown in Figure 9 and Table 4 . The emission anisotropy of samples 1−4 is constant throughout the emission band (excited at 28500 cm −1 ). In the case of 5@TPP, the anisotropy increases slightly as the excitation energy is reduced. The time-resolved and steady-state anisotropy values agree, and the steady-state value observed in fluid solution fits expectations based on the time-resolved value and the observed lifetime.
Steady-state anisotropy values r 0 at ν exc = 29400−28600 cm
measured in a rigid glass at 77 K are summarized in Table 4 , and they are all close to the ideal value of 0.4 expected for parallel absorbing and emitting transition dipole moments. In room-temperature fluid solution, the values are close to 0.1 and in an aqueous suspension of the TPP inclusion compounds, they are ∼0. 26 . The included molecular rods 1−4 do not show concentration depolarization in the loading range from 2% to 0.02%. As shown in Figure 10 , in fluid solution 1−4 show a singleexponential anisotropy decay with a rotational correlation time θ comparable to the fluorescence lifetime. In the inclusion compounds and in a frozen glass, the anisotropy does not decay detectably within the fluorescence lifetime. The suspensions of the neat compounds were not stable under irradiation and precipitated within a few seconds. Their r 0 values were not determined.
■ DISCUSSION
Synthesis. The syntheses were designed with the anticipated negligible solubility of the final products 1−4 in mind. The approach is based on the preparation of two molecular fragments that are well soluble in common organic solvents (the bicyclo[1.1.1]pentane derivative 6 and alkynes 7− 9, and the iodo derivative 15 and biphenyl derivative 16) and whose combination produces an almost insoluble product. Two different solubilizing groups (t-BuO and n-HexO) were introduced at the terminal position of the rod 1, but the solubility of 2 and 3 was only marginally higher than that of 1. Poor solubility of all final products paradoxically simplifies their separation and purification because all products precipitate from the crude reaction mixture after the final cross-coupling reaction. They are easily filtered, and after washing with several solvents and drying yield analytically pure samples.
Sample Structure. The structure and host properties of hexagonal TPP are well understood. 36−38 The crystals consist of molecular layers, each of which contains triangular openings located ∼1.1 nm apart in a triangular lattice. In neighboring layers, their centers are lined up, but the triangles are rotated by 60°such that approximately hexagonal channels perpendicular to the layers result ( Figure 1 ). In small crystallites, the plane of the layers forms the dominant crystal facet. The channels accept small molecules eagerly, 22 and detailed dynamic NMR and EPR studies of the motion of oligothiophenes included in TPP inclusion have been reported. 23 Our XRD powder patterns clearly show that 1−4 form hexagonal inclusion compounds with different hexagonal lattice spacings. The absence of measurable monoclinic TPP fractions indicates that the mole fractions of ∼20% for the inclusions of 1−3 and ∼12% for the inclusion of 4 fully involve the available The Journal of Physical Chemistry C Article TPP in formation of the hexagonal compound. Indeed, molecular modeling (exemplified in Figure 11 ) indicates that the fully included rod molecule 1 is expected to occupy no more than 8 to 9 TPP layers, and the longer derivatives 2−4, a little more. Therefore, molar ratios between 12% and 16% should lead to full loading of the channels in TPP. Interestingly, the absence of unexplained peaks in the XRD suggests that the full 20% molar fraction is included in the TPP, more than should fit into a bulk structure. One can conclude that these are predominantly surface inclusions, where the guest molecules mostly reside near the surface of the TPP crystallites, with parts extending somewhat beyond the surface. Finally, we note that there is no evidence for long lattice periods appropriate for the full length of the molecular rods. Therefore, the rod insertion appears to result in more or less random positions of the rods along the TPP channels. Unlike the solid-state CP MAS 13 C NMR spectrum of empty TPP-d 12 that is essentially devoid of all signals, those of the inclusion compounds contain three singlet resonances at 145.1, 126.0, and 113.5 ppm that are characteristic of TPP in its hexagonal form. 18 The first conclusion from the NMR results thus is a confirmation of the presence of proton-carrying guest molecules in the TPP channels. In agreement with the XRD data, the 31 P CP MAS NMR and 31 P SPE spectra of the inclusions of rods 1−4, we observe only the peaks characteristic of hexagonal TPP. This indicates that the rotor loading was optimal and prevented the decay of excess hexagonal TPP into its monoclinic form.
The structural conclusions reached so far are sufficient for the purposes of our optical study, but the NMR data also provide some interesting additional hints. The peaks observed in the cage carbon region of 1@TPP-d 12 are doubled, and in addition to the unshifted peaks at 59.0 and 30.8 ppm, which carry about 4/5 of the intensity, they contain upfield shifted peaks at 56.1 and 27.8 ppm, which carry the remaining 1/5 of the intensity. It thus appears that one out of five bicyclo[1.1.1]-pentane cages is inserted deeper inside the TPP channel than the other four ( Figure 11 ). The XRD results are not compatible with the presence of a crystalline phase composed of neat 1. We consider it highly unlikely that neat 1 could be present as an amorphous phase, invisible in XRD, and believe that the presence of a surface inclusion provides a plausible explanation of the 4:1 ratio of partially unincluded versus more fully included rods 1. If only every fifth rod is inserted sufficiently for the bicyclo[1.1.1]pentane cage to lie inside the channel, with only the alkynyltrimethylsilyl group possibly outside, while the remaining four have only their aromatic tails inserted inside TPP, with the cage located outside (Figure 11 ), the NMR result will be accounted for. Unfortunately, the signals of the TMS carbon atoms do not provide much additional information. Their broad signal is shifted downfield to 1.4 ppm, which is compatible with the notion that the TMS groups are all located outside the channel, but we know from other work 21 that the TMS group is not a good marker for detecting insertion inside a channel. Even if it is included, the chemical shifts of its methyl carbons sometimes undergo hardly any change relative to solution.
In our experience, surface inclusions normally announce themselves via an unusually small particle size. Bulk inclusions seem to produce lower strain and lead to larger crystals. The very small size of the nanocrystals of 1@TPP-d 12 thus fits well with the proposal that the inclusion of 1 in TPP is primarily a surface inclusion.
In the 13 C CP MAS NMR spectra of 2@TPP-d 12 and 20%3@TPP-d 12 , all the 13 C signals of the alkyloxy groups are shifted slightly upfield. The bridge signals of the bicyclo[1.1.1]-pentane cage are doubled in both cases. One of them is shifted slightly upfield, while the second one is shifted downfield. It appears that both compounds form analogous inclusions as shown in Figure 11 , and the ratio between rods with bicyclo[1.1.1]pentane located outside and inside the TPP is ∼1:1 in both cases.
Upfield chemical shift of aliphatic carbon atoms in the 13 C CP MAS NMR spectrum of solid 4@TPP-d 12 in combination with the presence of a typical singlet in its 31 P CP MAS NMR spectrum implies that 4 forms a bulk inclusion, with its molecules completely inserted inside the TPP channel. The Journal of Physical Chemistry C Article Optical Properties. Having established from the ssNMR and XRD results that the chromophore parts of our rod-shaped guest molecules 1−4 are mostly or completely included in the channels of hexagonal TPP, with only the saturated parts possibly protruding outside the TPP crystal surface, we can turn to a discussion of their optical properties. Figure 2 suggests that the aqueous suspensions that have been studied contain conglomerates of nanoparticles in the shape of thin platelets some tens of nanometers across. The crystalline domain size deduced from XRD line width is of the same order of magnitude, making it very likely that these platelets are single crystalline. Their orientation within the conglomerate is random, and channel directions in different platelets are not correlated. Interplatelet energy transfer would thus be expected to cause fluorescence depolarization even if intraplatelet energy transfer does not.
For oligophenylenes, the optimal conformations are twisted about 30−35°about single bonds joining two aromatic rings in the ground state and are planar in the excited state. 35, 39 The strong first absorption band of quaterphenyl (5) and tolane (diphenylacetylene) has been long known to be long-axis polarized. 35,40−44 Although a very weak short-axis polarized transition is present at similar energies, it is not detectable in absorption and appears to play no role in fluorescence. One can The Journal of Physical Chemistry C Article expect a similar behavior for both absorption and fluorescence of isolated molecules of 1−5. Indeed, given the very high fluorescence quantum yield, the short fluorescence lifetime, and a fluorescence anisotropy in a rigid glass within experimental error of 0.4, we are confident that the observed absorption and emission are due to long-axis polarized transitions.
There are several reasons for expecting the spectra of 1−4 included in TPP to differ from their spectra in dilute solution in an inert solvent. First, inside the channels of TPP, the aromatic rings of 1−4 need not be free to twist easily around the long molecular axis and adopt the conformations that are best for the isolated molecules, neither in the ground nor in the excited state, and this can be expected to affect the shapes and to some degree also the positions of absorption and emission bands. Second, solute molecules are much more likely to find themselves close to each other within the host channels in a colloidal solution of a TPP inclusion compound than they are in a homogeneous solution at the same nominal concentration. Given how tight their fit into the channel is, end-to-end contacts are the only probable kind. π-Stacking is excluded and J-aggregate-like behavior is to be expected. The spectral consequences of the proximity could thus be quite different from those encountered in a neat crystal, and they should be strongly suppressed by the insertion of insulating alkyl chains between the neighboring chromophores in a packed channel, as in 1−4. Third, the index of refraction of TPP exceeds that of alkane solvents, and the radiative lifetime of the included solutes should be shorter.
Our observations are in general agreement with these expectations. The Stokes shifts are similar in solution and in TPP inclusion, with the fluorescence more structured than absorption, suggesting that there is not much difference in the degree to which the excited state can relax toward planarity in the inclusion and in solution. In 1−4, fluorescence appears at nearly the same location in solution and in TPP inclusions regardless of the degree of loading, since the chromophores are kept apart within a channel by the terminal chains even at high loading. In contrast, in neat crystals of the chromophore, fluorescence is red-shifted by 2000−4000 cm . As expected, radiative lifetimes are shorter in the TPP inclusions than in liquid solution.
The anisotropy of solute fluorescence must also be expected to be quite different in homogeneous solution and in the colloidal solution of TPP particles containing the included guests 1−4. The observation that the suspension does not detectably depolarize linearly polarized light provides a firm basis for the measurement of anisotropy and is the first Table 4 . Dashed black lines show the absorption spectra in 2-MeTHF at RT.
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Article important result of this study. Figure 2 makes it clear that the size of the conglomerates and even the size of the individual nanoplatelets is such that no significant Brownian rotation in room-temperature aqueous suspension would be expected on the nanoseconds fluorescence timescale. In the absence of interplatelet energy transfer, fluorescence anisotropy measurement would therefore appear to represent a suitable tool for the study of internal mobility of the long axes of the guests within TPP channels.
In a frozen glass, 1−5 exhibit a degree of anisotropy nearly equal to the value of 0.4 at all excitation wavelengths and at all times, as expected from theory for parallel absorbing and emitting transition moments in the absence of rotational depolarization. They are relatively long rods, and it is not surprising that even in room-temperature solution their fluorescence is anisotropic, with quite long rotational correlation times. In TPP inclusion, fluorescence anisotropy is independent of time and excitation wavelength until TPP itself begins to absorb significantly relative to the guest, whereupon anisotropy drops toward zero. Not surprisingly, this effect is more noticeable at low loadings.
It is remarkable that in most cases, the fluorescence anisotropy from the included chromophores is only about 0.3, significantly lower than in the frozen glass. Within our time resolution, this lower value is reached instantaneously. It does not decay in time and is not strongly dependent on the degree of loading, suggesting that it is not primarily due to concentration depolarization. Such depolarization would require energy transfer from one to another nanoplatelet, and this is apparently slow. The fact that internanocrystal energy transfer does not compete with fluorescence, at least not for the presently used chromophores, makes fluorescence anisotropy measurements easily interpretable, and is the second important result of this study.
The lack of any time-dependence of fluorescence anisotropy observed on chromophores contained in the TPP channels demonstrates that the long axes of the rods are firmly clamped in place and do not wobble detectably on the nanosecond timescale. This third result is important for future studies of rotor motion in real time using rotators with emitting transition moments transverse to the rod axis, since interpretations of fluorescence anisotropy decay can then focus on the motion of the rotator alone.
It is interesting that the lowering of the fluorescence anisotropy value for molecules contained in TPP inclusions relative to molecules isolated in a frozen glass is constant in The Journal of Physical Chemistry C Article time. It therefore appears to be due to the static mixing of electronic states of the solute with those of the nearby TPP environment, which reduces the effective symmetry and tilts the absorbing and emitting transition moment from the long molecular axis in a way that may be coupled to the rotation of the aromatic rings during excited state relaxation. The distortion of the direction of weak transition moments by coupling to the solvent environment has been long known from studies of pyrene and its derivatives, 45, 46 but for 1−4 included in TPP, it appears to occur even for very strong transition moments. This is probably a result of their much stronger interaction with the TPP environment compared with the interaction of pyrene with a saturated hydrocarbon solvent.
■ SUMMARY
We have found that colloidal solutions of milled TPP nanoparticles carrying included guest molecules are suitable for time-resolved fluorescence anisotropy studies. We further suggest that these solutions would be equally suitable for polarized transient absorption measurements. We have found that concentration depolarization is not a significant concern in measurements on these samples. A conclusion that is particularly important for future studies of rotation of dipolar rotators in real time and could not have been reached without the time-resolved measurements is that the long axis of 1−4 finds itself essentially immobile in the TPP channel.
A side product of our investigations is the realization that rodlike guest molecules may form surface inclusions with TPP, even if they do not contain a "stopper" that would limit the depth of their entry into the channel, and that the extent of their insertion is a very sensitive function of their structure.
■ EXPERIMENTAL PART
The solvents used for photophysical characterization were 2-methyltetrahydrofuran (2-MeTHF, Aldrich), cyclohexane (Aldrich), and dichloromethane (DCM, Aldrich). 2-MeTHF was distilled before use. All other solvents were spectral grade and were used without further purification. Milli-Q (18.2 MΩ) water were used for aqueous colloidal suspensions. Background emission of the solvents was always checked during fluorescence measurements. The fluorescence standard 9,10-diphenylanthracene (Fluka) was used as received.
Inclusion Compounds. These were prepared by milling TPP or TPP-d 12 and a guest compound in a vial with a stainless steel disk. 17 The vial was placed in a Vortex Genie 2 shaker (Scientific Industries), and the mixture was shaken at stage 3, vortex scale, for 2.5 h. The powder was scraped from the walls of the vial every 10 to 15 min in order to ensure proper mixing. The inclusion compound was annealed in the closed vial at 70°C
in an oven or an oil bath overnight. Transmission Electron Microscopy. Samples were prepared by dropping the aqueous solution of 22%1@TPP onto a carbon-coated copper grid and drying in air. The images were recorded with a JEOL JEM-1011 transmission electron microscope operated at 60 kV.
X-ray Diffraction. X-ray powder patterns were taken with a system based on a Rigaku Ultrax18 rotating anode generator. It uses a curved silicon multilayer monochromator to produce Cu Kα radiation at wavelength λ = 1.5418 Å. Powder samples were first loaded into borosilicate glass capillaries with a 1.0 mm diameter and wall thickness of 10 μm and then mounted on a Huber four-circle goniometer. The scattered X-rays were measured by a sodium iodide scintillator point detector that was moved in a horizontal plane, by an angle 2θ with respect to the direction of the incident X-rays, to scan the Bragg scattering profile. The resolution of the instrument, in its usual configuration, is q res ≈ 0.003 Å −1 . UV−visible Absorption and Fluorescence. Roomtemperature absorption spectra were recorded in a 1 cm path length Suprasil cell from 10 −5 to 10 −4 M concentrations using a Varian Cary 5000 spectrophotometer. Corrected fluorescence emission and excitation spectra were taken using a Jasco FP-6500 spectrofluorometer at an absorbance of 0.1−0.3 at λ exc . Low-temperature luminescence measurements were performed at 77 K in 2-MeTHF glass, using a 0.85 × 0.85 cm Suprasil quartz cell in an optical quartz Dewar flask equipped with three Suprasil windows. The cell was immersed in liquid nitrogen and equilibrated for 5 min before measurement.
Fluorescence Quantum Yield. Fluorescence quantum yields Φ F were determined in degassed solution by measuring and comparing corrected areas under the spectra of the sample and the standard (9,10-diphenylanthracene in cyclohexane, Φ st = 0.95 in degassed solution). 47 Eq 1, which accounts for differences in the absorbance and the refractive index of the sample (A s , n s ) and the standard (A st , n st ) solutions, was used. 
Sample concentrations were adjusted in order to keep the absorbance below 0.1. The accuracy of the resulting Φ F value is estimated at ±5%.
Aqueous Suspensions. Usually 1−2 mg of inclusion complex was used to produce 10 mL of suspension in water. Suspension was ultrasonicated for 30 s initially and then occasionally for short times (10 s) during longer measurements. Energy transfer from TPP to the included guest fluorophore was avoided by constraining the excitation to wavelengths at which only the guest absorbs. The concentration of the colloidal solution was kept as high as possible without inducing turbidity. At times, ultrasonication was used to improve the quality of the sample. The Journal of Physical Chemistry C Article Steady-State Anisotropy. Steady-state fluorescence anisotropy measurements in solution at 298 and 77 K and in colloidal aqueous suspension at 298 K were collected using Jasco FP 6500 spectrofluorimeter equipped with two polarizers (accessory FDP-223). One polarizer was placed in front of the excitation source and the other one at the detector. Polarized emission and excitation spectra were measured at four configurations of polarizer transmission directions: both horizontal (HH), both vertical (VV), horizontal on excitation and vertical on emission (HV), and vice versa (VH). The anisotropy excitation spectra were calculated from eq 2,
where the correction factor G was calculated from eq 3
Every spectrum collected at every different configuration was an average of five independent measurements. Typically, both the excitation and emission anisotropy spectra were collected in order to check the absence of dependence on emission wavelength. The effect of the emission wavelength on the excitation anisotropy spectrum was examined for 0.02%4@TPP in order to study the homogeneity of the sample and the intramolecular energy transfer. Time-Resolved Fluorescence. Time-resolved fluorescence measurements used a time-correlated single photon counting fluorescence system. It consists of 150 fs pulsed Ti:sapphire laser with 75 MHz repetition rate, tunable from 700 to 980 nm, with a doubling unit that allows excitation in the range from 350 to 490 nm. Fluorescence was detected at a 90°angle by multichannel plate detector connected to the SPC 130 PC card. Closed flux system using a peristaltic pump was used to refresh continuously the sample under laser irradiation to reduce any interference of eventual photodegradation with the results.
The fluorescence decay curves were analyzed by the nonlinear least-squares method, fitting the data deconvoluted from the source signal to a multiexponential function: (4) where τ i are the lifetimes and A i are their relative weights, with i variable from 1 to 3. The best-fit function was chosen, considering the magnitude of χ 2 and the shape of the autocorrelation function of the weighted residuals. Timeresolved anisotropy measurements were conducted by including two Glan-Laser Polarizers, one for polarization of excitation beam and the other for polarization of fluorescence. As in the case of the steady-state anisotropy experiments, four measurements with different combination of polarizer direction were collected. For measurements with horizontal excitation beam polarization, a half-wave plate was used in order to rotate the polarization of the vertically polarized laser beam by 90°. TRFA Global Analysis Program, developed by Scientific Software Technologies Center, was used for calculation of anisotropy decays. Source signals, also called instrument response functions (IRF), were collected using a diluted sample of scatterer.
Solid State NMR Spectroscopy. Solid-state NMR experiments were performed using a Varian INOVA-400 NMR spectrometer operating at 400. 16 MHz for 1 H observation. The spectrometer is equipped for Cross-Polarization, Magic Angle Spinning (CP MAS) operation, with 100 W of transmitter power for the 1 H channel, and 300 W on the broadband ( 13 C, 31 P) channel. The probe used in these experiments is a Varian 2-channel 5 mm CP MAS probe, modified with a new spinning module and coil designed and constructed by Revolution NMR, LLC in Fort Collins, CO. This probe utilizes Zirconia "pencil" style rotors and is capable of spinning 5 mm rotors stably at spinning frequencies up to 13 kHz.
Solid-state measurements were performed on 1 in TPP-d 12 (molar ratio: 21.6 mol % of 1, 78.4 mol % of TPP-d 12 ). For comparison, the same measurements were collected on neat 1 and on TPP-d 12 .
13 C and 31 P CPMAS experiments were performed using a 3.75 μs 1 H 90°pulse, employing ramped cross-polarization with a spin-lock field centered at a magnitude 67 kHz. Contact times used were 5.0 ms for 13 C and 2.0 ms for 31 P, each optimized for maximum polarization transfer with minimal signal loss due to T 1ρ relaxation. A delay of 5.0 s was employed to allow for 1 H relaxation between scans. Broadband TPPM (time-proportional phase modulation) 1 H decoupling was applied during signal acquisition, utilizing a CW decoupling power of 70 kHz, with an optimized TPPM pulse width of 8.1 μs. MAS (magic angle spinning) was performed at 11.0−11.5 kHz. 31 P SPE (single pulse excitation) experiments were performed using the same high-power 1 H decoupling scheme described for CP MAS experiments, but a single excitation pulse of 2.8 μs was applied prior to 31 P detection, which corresponds to a 45°excitation pulse angle. MAS spinning frequencies of 11.0−11.5 kHz were used in all cases. Relaxation delays of 10.0 s were used for 31 P relaxation between scans. This delay was not intended to be adequate for accurate quantitation of 31 P nuclei. Synthesis. General Methods. All reactions were carried out under argon atmosphere with dry solvents, freshly distilled under anhydrous conditions, unless otherwise noted. Standard Schlenk and vacuum line techniques were employed for all manipulations of air-or moisture-sensitive compounds. Yields refer to isolated, chromatographically and spectroscopically homogeneous materials, unless otherwise stated. Melting points were determined with a standard apparatus and are uncorrected.
1 H and 13 C spectra were acquired at 25°C with 400, 500, and 600 MHz spectrometers and were referenced to residual solvent peaks.
Materials. p-Quaterphenyl (5) was purchased (Fluka, >99%) and used as received. [(3-((4′-Iodobiphenyl-4-yl)-ethynyl)bicyclo[1.1.1]pent-1-yl)ethynyl)trimethylsilane (6) was prepared according to a previously published procedure.
27−29 A literature procedure 22 was used to prepare TPP from catechol and TPP-d 12 from catechol-d 6 . 48 Hexagonal TPP with empty channels was prepared by a modified literature procedure, 49 dissolving the monoclinic form in THF at 60°C and then sonicating for 20 min in an ice bath. The hexagonal TPP was decanted and dried under reduced pressure (500 mTorr) at room temperature for 48 h. General Procedure for Sonogashira-Hagihara CrossCoupling (GP 1). A flame-dried Schlenk flask was charged with 6 (1 equiv), alkyne (1.2 equiv), Pd(PPh 3 ) 4 (4 mol %) and CuI (3 mol %). After three successive vacuum/argon cycles, dry and degassed THF (25 mL) and triethylamine (5 mL) were added from a syringe. The yellow solution/suspension was stirred at 45°C for 16 h. A dense white solid precipitated. The yellow reaction mixture was cooled to room temperature and solids were removed by filtration. Subsequently, white solid was collected on a frit and washed with ether (3 × 5 mL), concentrated aqueous NH 4 Cl (3 × 10 mL), water (3 × 15 mL), hexane (3 × 10 mL), and finally dried under reduced pressure (25°C, 500 mTorr).
( ( 4-Tert-butoxy-4′-ethynylbiphenyl (8) . To a stirred solution of 13 (250 mg, 0.775 mmol) in THF (4 mL), a solution of TBAF in THF (1.0 M, 1.00 mL, 1.000 mmol) was added at room temperature. The reddish reaction mixture was stirred for 30 min. The mixture was then diluted with ether (80 mL), washed with water (2 × 20 mL), and the organic phase was dried over MgSO 4 . Solvents were removed under reduced pressure and column chromatography on silica gel (hexane/ CH 2 Cl 2 − 1:1) and afforded pure 8 as a white crystalline solid (167 mg, 0.667 mmol, 86% 4-Ethynyl-4′-(hexyloxy)biphenyl (9) . 50 To a solution of 14 (500 mg, 1.426 mmol) in THF (6 mL), a solution of TBAF in THF (1.0 M, 2.00 mL, 2.000 mmol) was slowly added at room temperature and stirred for 30 min. The brown reaction mixture was diluted with ether (70 mL), washed with water (2 × 30 mL), and the organic phase was dried over MgSO 4 . Solvents were removed under reduced pressure and the resulting yellowish solid was purified by a column chromatog- 4-Bromo-4′-tert-butoxybiphenyl (11) . A two-necked flask equipped with gas condenser was charged with Mg(ClO 4 ) 2 (89 mg, 0.400 mmol) and 4′-bromobiphenyl-4-ol (10, 1.000 g, 4.014 mmol). Subsequently, dry CH 2 Cl 2 was added (6 mL) followed by slow addition of Boc 2 O (2.12 mL, 9.232 mmol). Bubbles formed immediately. The clear brownish solution was stirred at 40°C for 18 h, cooled to room temperature, diluted with ether (60 mL), and washed with water (2 × 20 mL). The organic phase was dried over Na 2 4-Bromo-4′-(hexyloxy)biphenyl (12) . 50 To a stirred solution of 10 (1.500 g, 6.022 mmol) in dry DMF (40 mL) was slowly added NaH (578 mg, 24.088 mmol) at room temperature. After 10 min of vigorous stirring, 1-bromohexane (5.07 mL, 36.130 mmol), TBACl (167 mg, 0.600 mmol), and a catalytic amount of NaI were added to the reaction mixture. The yellowish suspension was vigorously stirred at 80°C for 16 h, cooled to room temperature, and carefully poured into icecooled 60% aqueous LiCl (300 mL). The aqueous phase was extracted with ether (3 × 80 mL) and the yellowish organic phase was then washed with 60% aqueous LiCl (4 × 40 mL), water (2 × 40 mL), and finally dried over MgSO 4 . Volatiles were removed under reduced pressure and column chromatography on silica gel (hexane/ethyl acetate −10:1) provided hexyl derivative 12 as a snow white solid (1.993 g, 5.980 mmol, 99%). ((4′-Tert-butoxybiphenyl-4-yl)ethynyl)trimethylsilane (13) . A flame-dried Schlenk flask was charged with 11 (400 mg, 1.311 mmol), Pd(PPh 3 ) 4 (61 mg; 0.052 mmol, 4 mol %), and CuI (7 mg, 0.039 mmol, 3 mol %). After three successive vacuum/argon cycles, dry and degassed THF (5 mL) and triethylamine (5 mL) were added from a syringe. Finally, TMSA (283 μL, 2.000 mmol) was added dropwise from a syringe. The yellow solution was stirred at 55°C for 18 h. A dense white solid precipitated. The crude reaction mixture was cooled to room temperature, diluted with ether (70 mL), and washed with saturated aqueous NH 4 Cl (2 × 20 mL) and water (2 × 20 mL). The yellow organic phase was dried over MgSO 4 . ((4′-(Hexyloxy)biphenyl-4-yl)ethynyl)trimethylsilane (14) . 50 14 was prepared as described for 13, but starting from 12 (1.000 g, 3.001 mmol), Pd(PPh 3 ) 4 (139 mg, 0.120 mmol, 4 mol %), CuI (17 mg, 0.090 mmol, 3 mol %), TMSA (636 mL, 4.501 mmol) in mixture of THF (7 mL) and triethylamine (5 mL). Pure 14 (1.021 g, 2.912 mmol, 97%) was isolated as a white solid by column chromatography on silica gel (hexane/ ethyl acetate −15:1). (4-Hexylphenyl)trimethylsilane. 30 The published procedure 30 was adapted as follows: to the suspension of Mg (729 mg, 30.000 mmol) in ether (60 mL) at room temperature was added a small crystal of I 2 . The brownish suspension was stirred for 10 min. Subsequently, 1-bromohexane (4.21 mL, 30.000 mmol) was slowly added over a period of 10 min. When the exothermic reaction stopped, the reaction mixture was refluxed for an additional 50 min. Magnesium dissolved, leaving a homogeneous slightly grayish solution. Then (4-bromophenyl)-trimethylsilane (4.26 mL, 22.503 mmol) and NiCl 2 [dppp] (54 mg, 0.100 mmol) were added. The reaction mixture slowly turned black, and the dark solution was stirred for 3 d at 50°C, cooled to room temperature, and diluted with ether (50 mL), before water (10 mL) and 15% aq HCl (40 mL) were added. The layers were separated; the organic phase was washed by saturated aqueous NaHCO 3 (1 × 20 mL) and dried over MgSO 4 . The solvent was evaporated and distillation on Kugelrohr distillation apparatus (600 mTorr, 140°C) gave (4-hexylphenyl)trimethylsilane as a colorless liquid (2.700 g, 11.516 mmol, 51%). 1-Hexyl-4-iodobenzene. 30 The published procedure was adapted as follows: to a solution of the (4-hexylphenyl)-trimethylsilane (2.600 g, 11.090 mmol) in CH 2 Cl 2 (15 mL) at 0°C was added ICl (652 μL, 13.000 mmol) over a period of 5 min. The mixture was allowed to warm to room temperature and was stirred for an additional 50 min. Subsequently, concentrated aqueous Na 2 SO 3 was added to the dark reaction mixture. The organic phase lost its color while the aqueous phase turned yellow. An additional portion of CH 2 Cl 2 was added, and the aqueous phase was removed. Organic phase was 1,4‴-Dihexyl-4,1′:4′,1″:4″,1‴-quaterphenyl (4). An argonfilled two-necked flask equipped with gas condenser and magnetic stirbar was charged with 4,4′-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)biphenyl (500 mg, 1.231 mmol), 1-hexyl-4-iodobenzene (887 mg, 3.078 mmol), K 2 CO 3 (1.382 g, 10.000 mmol), toluene (10 mL), ethanol (5 mL), and water (5 mL). Argon was bubbled through this two phase system for 10 min. After three successive freeze (liquid nitrogen)/vacuum/ argon cycles, Pd(PPh 3 ) 4 (86 mg, 0.074 mmol, 6 mol %) was added and the yellow reaction mixture was vigorously stirred for 8 h at 80°C and 16 h at 100°C. The reaction mixture turned black and a dense white solid precipitated. An additional portion of Pd(PPh 3 ) 4 (86 mg, 0.074 mmol, 6 mol %) was added and the dark reaction mixture was stirred at 100°C for an additional 26 h. The solid that precipitated was collected by filtration and subsequently washed with water (3 × 30 mL), concentrated aqueous HCl (3 × 15 mL), water (3 × 15 mL), ether (3 × 15 mL), hexane (3 × 15 mL), and ice-cold CHCl 3 (3 × 15 mL). Column chromatography of the grayish solid residue on silica gel (CHCl 3 /hexane −1:3) provided 4 as a snow-white solid (380 mg, 0.800 mmol, 65% 
